Palmitoleic acid (PMA) has anti-inflammatory and antidiabetic activities. Here we tested whether these effects of PMA on glucose homeostasis and liver inflammation, in mice fed with high-fat diet (HFD), are PPAR-dependent. C57BL6 wild-type (WT) and PPAR--knockout (KO) mice fed with a standard diet (SD) or HFD for 12 weeks were treated after the 10th week with oleic acid (OLA, 300 mg/kg of b.w.) or PMA 300 mg/kg of b.w. Steatosis induced by HFD was associated with liver inflammation only in the KO mice, as shown by the increased hepatic levels of IL1-beta, IL-12, and TNF-; however, the HFD increased the expression of TLR4 and decreased the expression of IL1-Ra in both genotypes. Treatment with palmitoleate markedly attenuated the insulin resistance induced by the HFD, increased glucose uptake and incorporation into muscle in vitro, reduced the serum levels of AST in WT mice, decreased the hepatic levels of IL1-beta and IL-12 in KO mice, reduced the expression of TLR-4 and increased the expression of IL-1Ra in WT mice, and reduced the phosphorylation of NF B (p65) in the livers of KO mice. We conclude that palmitoleate attenuates diet-induced insulin resistance, liver inflammation, and damage through mechanisms that do not depend on PPAR-.
Introduction
Chronic positive energy balance through inadequate dietary habits and a sedentary life style leads to an excessive accumulation of body fat, known as obesity, the prevalence of which is increasing alarmingly worldwide [1] . Obese individuals have a greater risk for the development of many chronic and highly incident diseases such as type 2 diabetes, dislipidemia, hepatic steatosis, and some types of cancer [2] [3] [4] [5] [6] .
Among these diseases, nonalcoholic fatty liver disease (NAFLD), which is defined as excessive hepatic lipid accumulation, is one of the most common comorbidities associated with obesity and insulin resistance. Along with the obesity epidemic, the incidence of NAFLD is growing worldwide; NAFLD now affects an estimated 20-30% of the population of Western countries [1] . If not treated, hepatocellular steatosis may progress to more severe diseases such as nonalcoholic steatohepatitis (NASH), liver cirrhosis, and hepatocellular carcinoma [7, 8] .
Consistent with the key role of the liver in the regulation of glucose metabolism, excessive fat accumulation in the liver promotes a local inflammatory process that is frequently associated with the development of tissue insulin resistance and major changes in glucose homeostasis. More specifically, hepatic steatosis and inflammation markedly impair the ability of insulin to inhibit liver glucose production, leading to hyperglycemia and hyperinsulinemia [9, 10] . Therefore, strategies to counteract hepatic steatosis, inflammation, 2 Mediators of Inflammation and increased hepatic glucose production are crucial to the prevention and treatment of chronic metabolic diseases.
Palmitoleic acid (16:1n7), a monounsaturated fatty acid (n-7) of 16 carbons that is produced in adipose tissue, has been shown to have important metabolic activities that improve whole body glucose homeostasis and insulin sensitivity [11] . Indeed, palmitoleic acids were shown to increase insulin-stimulated glucose uptake by the skeletal muscles [11] and to reduce liver steatosis, inflammation, and insulin resistance, thus attenuating high-fat diet-induced hepatic glucose production [12] .
Mechanistically, palmitoleic acid reduces hepatic steatosis by inhibiting the expression of sterol regulatory element binding protein-1 (SREBP1), a transcription factor that is involved in the regulation of many enzymes involved in lipid synthesis, including fatty acid synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1) [13] . Very recently, it was demonstrated that palmitoleic acid is a positive modulator of white adipose lipolysis through a mechanism that involves an increase in the content of the lipase adipose triglyceride lipase (ATGL) and requires the activation of nuclear receptor PPAR [14] . Peroxisome proliferator activated receptor (PPAR ), a transcription factor that is primarily expressed in the liver and modulates the transcription of enzymes related to -oxidation, promoting the oxidation of fatty acids and an overall reduction in the deposition of ectopic triacylglycerol [15] . Furthermore, PPAR was also shown to suppress the expression of proinflammatory genes, primarily by inactivating the master proinflammatory transcription factor NF B and thus reducing the production of cytokines and tissue inflammation [16] .
Based on these findings, we tested the hypothesis that palmitoleic acid attenuates obesity-associated hepatic steatosis and inflammation by activating the nuclear receptor PPAR . For this, wild-type and PPAR -knockout mice were fed a high-fat diet, either untreated or treated with palmitoleic acid, and evaluated for hepatic steatosis and inflammation and whole body glucose homeostasis.
Materials and Methods

Animal Procedure.
Male C57BL/6J wild-type (WT) and PPAR -knockout (KO) mice were obtained from the Jackson Laboratory and maintained on a 12:12 h light-dark cycle (lights on at 06:00). Beginning at 10 to 12 weeks of age, the mice were fed a high-fat diet (HFD, 59% of calories from fat, 15% from proteins, and 26% from carbohydrates) [17] or a low-fat diet (LFD, 9% of calories from fat, 15% from protein, and 76% from carbohydrate) [17] for 12 weeks. In the last 2 weeks, the HFD-fed mice were treated with oleic acid (300 mg/kg of body weight) or palmitoleic acid (300 mg/kg of body weight) daily by oral gavage. The doses and treatment regimen were based on previous studies [13, 14] . During the feeding/treatment period, the body weight and food intake of the mice were evaluated weekly. After 12 weeks, the mice were fasted for 4 hr and then sacrificed for the collection of blood and tissue samples. The epididymal, mesenteric, and retroperitoneal adipose tissues were dissected and weighed, and the total weight of these tissues was represented as adipose tissue index. The liver was weighed and stored for the further analysis of RNA and protein.
Analytical Procedures.
Plasma total cholesterol, HDL cholesterol, triacylglycerol levels, and alanine aminotransferase activity were determined by enzymatic methods (Labtest, Lagoa Santa, MG, Brazil). The LDL levels were estimated using the Friedewald equation [18] .
Histological Analyses.
Small pieces of liver tissue were fixed with paraformaldehyde (10%), embedded in paraffin, and serially cross-sectioned. The slides were stained with hematoxylin and eosin to analyze steatosis [19] .
Assessment of Triacylglycerol Levels in the Liver.
Lipids were extracted from the livers with chloroform-methanol, as described by Folch et al. [20] . Tissue triacylglycerol levels in the lipid extract were determined by enzymatic assays (Labtest, Lagoa Santa, MG, Brazil).
Insulin and Glucose Tolerance Tests.
Mice fasted for 4 hr received an intraperitoneal injection of insulin (1 U/kg body weight) or D-glucose (2 g/kg body weight). For the insulin tolerance tests, blood samples (5 L) were collected from the tail vein before and at 10, 20, 30, and 40 min after the bolus insulin injection. The constant for plasma glucose clearance (KITT) was calculated by linear regression of the glycemic levels measured between 5 and 30 minutes after insulin injection; this is the interval in which the glucose linear decay phase occurs [21] . Similarly, for the glucose tolerance tests, blood samples were collected from the tail vein before and at 15, 30, 60, 90 , and 120 min after the glucose bolus injection [22] . The differences in glycemia before and during glucose administration were used to calculate the areas under the curve (AUC). The levels of plasma glucose were measured using an Accu-Chek Performa glucometer (ROCHE, São Paulo, SP, Brazil).
Insulin Response in Isolated Soleus
Muscles. Soleus muscles from euthanized WT and KO mice were carefully isolated, weighed (8-10 mg), and attached to stainless steel clips to maintain resting tension. The muscles were preincubated in Krebs-Ringer bicarbonate buffer (KRBB) containing 5.69 mM glucose and 1% bovine serum albumin (BSA), pH 7.4, and pregassed (95% O 2 , 5% CO 2 ) with agitation (100 oscillations/min). After these procedures, the muscles were transferred to fresh vials containing the same buffer containing 0. [24] , and Leighton et al. [25] .
Enzymatic Assays.
Livers were homogenized (1 : 10, w/v) in SETH buffer, pH 7.4 (250 mM sucrose, 2 mM EDTA, 10 mM Trizma base, and 50 IU/mL heparin). The homogenates were centrifuged, and the supernatants were stored at −70 ∘ C for use in enzyme activity determination. The protein content of the homogenates was determined by the method described by Lowry and colleagues [26] . The activity of citrate synthase was assayed according to the method described by Srere, and the reaction was initiated by adding oxaloacetate (0.2 mM) to a mixture containing Tris (100 mM, pH 8.0), acetyl CoA (0.1 mM), dithiobis-2-nitrobenzoic acid (0.1 mM), Triton X-100 (0.1%), and 2 to 4 g of supernatant protein and monitored at 412 nm for 3 min at 25
∘ C [27] . The activity of succinate dehydrogenase was measured according to the method of Fischer and colleagues [28] as a decrease in the absorbance of the reactions at 600 nm caused by the reduction of 2,6-di-chloro-indophenol in the presence of phenazine methosulfate. The activity of malate dehydrogenase was measured as described by Kitto et al. [29] . The activity of NADH dehydrogenase (complex I) was evaluated according to Cassina and Radi [30] , and the activity of the succinate: cytochrome c oxidoreductase (complex III) was determined using the method described by Fischer and colleagues [28] .
Enzyme-Linked Immunosorbent Assay (ELISA).
Liver tissue samples (80-100 mg) were carefully homogenized in RIPA buffer (0.625% Nonidet P-40, 0.625% sodium deoxycholate, 6.25 mM sodium phosphate, and 1 mM ethylenediaminetetraacetic acid at pH 7.4) containing 10 g/mL protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The homogenates were centrifuged, the supernatant was utilized to determinate the protein concentration via Bradford assays (Bio-Rad, Hercules, CA, USA), and the protein levels of IL-1 , IL-8, IL-12, and TNF-were measured by ELISA (DuoSet ELISA, R&D Systems, Minneapolis, MN, USA). For IL-1 , IL-8, IL-12, and TNF-, the assay sensitivity was 5.0 pg/mL in a range of 31.2 to 2,000 pg/mL.
RNA Isolation, Reverse Transcription, and Real-Time PCR.
The expression of hepatic genes related to fatty acid synthesis (ACC) and some factors involved in inflammation (IL-1Ra, TLR4 and TNF-) was assessed by qRT-PCR with SYBR Green marker. For this, total RNA was extracted as described by Chomczynski and Sacchi [31] and quantified in a spectrophotometer (260 nm), and cDNA was synthesized from the total RNA using reverse transcriptase. The sequences of the primers are shown in Table 1 ; gene expression was quantified by the comparative method using the expression of GAPDH as standard [32] .
Western Blotting.
The livers were carefully homogenized in extraction buffer containing protease and phosphatase inhibitors. After proper centrifugation, the protein concentrations were determined by Bradford assay (BioRad, Hercules, CA, USA). Aliquots of each sample with the same concentration of total protein (25 g) were then diluted in Laemmli buffer, subjected to electrophoresis on SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred from the gel to a nitrocellulose membrane. These membranes were incubated with antibodies against Toll-like receptor 4 (1 : 500), Phospho-NF B p65 (Ser536) (1 : 500) (Cell Signaling Technologies, USA), or -tubulin (1 : 1.000) (Santa Cruz Biotechnology, USA) and then incubated with an anti-IgG antibody conjugated with peroxidase. After the incubations, these membranes were incubated with the peroxidase substrate (ECL kit, Biorad, USA) and exposed to X-ray film.
Statistical Methods.
The data are presented as mean ± SEM (standard error of the mean) and analyzed by one-way analysis of variance (one-way ANOVA) followed by Bonferroni posttests. Analyses were performed using GraphPad Prism 5.0 software. Differences were considered significant when < 0.05.
Results
We did not observe any differences in the variables analyzed between WT and KO mice fed with the control SD diet (see Supplementary Table of the Supplementary Material available online at http://dx.doi.org/10.1155/2014/582197); therefore, for the sake of objectivity, we are showing only the data for WT mice fed with the standard control diet.
As expected, the HFD markedly increased the body weight gain of WT and KO mice, and this effect was of lower magnitude in the KO mice (40% versus 10%, resp.) ( Table 1) . This increased body weight gain induced by the HFD was associated with a marked increase in mouse adiposity, as evidenced by the greater sum of the masses of the major adipose deposits (epididymal, retroperitoneal, and inguinal, see adipose tissue index, Table 2 ). In contrast to the white adipose tissue, however, HFD feeding did not affect the mass of the brown adipose tissue in any of the groups tested ( Table 2 ). The HFD significantly increased total cholesterol, and in KO mice, the estimated levels of LDL were higher ( Table 2 ). The fasting glucose levels were higher in the animals that were subjected to the HFD, but the KO mice had lower glycemia than the WT mice ( Table 2) . Treatment with palmitoleic acid (PMA) did not alter the body weight, the weights of the white and brown adipose tissues, or the plasma lipid profile of either group, but treatment with palmitoleic acid reduced the fasting glucose levels in both WT and KO mice that were subjected to the HFD (Table 2) .
Our results showed that independent of the mice genotype, HFD feeding reduced the peripheral responsiveness to insulin. WT and KO mice subjected to the HFD had a reduced glucose uptake, but WT mice had a reduced incorporation of glucose by insulin stimulation (Figures 1(a)  and 1(b) ). When compared to SD-fed WT mice, both WT and KO mice subjected to the HFD had a greater increase in glycemia in a glucose tolerance test (GTT) (Figure 1(c) ), and this metric could be confirmed by the increase in the AUC (Figure 1(d)) ; however, compared to HFD-fed WT mice, the HFD-fed KO mice presented a higher glucose tolerance. In addition, the HFD impaired the response to insulin in WT GAPDH  CAAGCTCATTTCCTGGTATGACA  GCCTCTCTTGCTCAGTGTCC  ACC  CCAGCAGATTGCCAACATC  ACTTCGGTACCTCTGCACCA  TLR4  TCCAGCCACTGAAGTTCT  CAGCAAAGTCCCTGATGA  TNF-TCTACTGAACTTCGGGGTGA  GATCTGAGTGTGAGGGTCTGG  IL-1Ra GCAAGATGCAAGCCTTCAGA CCTTGTAAGTACCCAGCAATGA The data are presented as mean ± SEM. * < 0.05 versus WT SD; # < 0.05 HFD versus HFD PMA; and $ < 0.05 and $$$ < 0.001 KO versus the respective WT control (one-way ANOVA followed by Bonferroni correction). mice but not in KO mice (Figure 1(e) ), who had a better responsiveness to insulin as shown by the diminished KITT (Figure 1(f) ). Additionally, we observed that independent of the mouse genotype, palmitoleate markedly attenuated the insulin resistance induced by HFD, as evidenced by the increased glucose uptake (Figure 1(a) ) and by the better response to insulin (Figure 1(h) ) in both groups. The palmitoleate also increased the incorporation of glucose into muscle in vitro (Figure 1(b) ) and improved the tolerance to glucose (Figure 1(d) ) in WT mice but not in KO mice.
One of the tissues that was most affected by the HFD was the liver; indeed, the weight of the liver was markedly increased by the HFD in both WT and KO mice (Table 2) ; however, the HFD only promoted a significant increase in triacylglycerols in the livers of KO mice (Figure 2(a) ), and we only observed severe steatosis in liver histological slices from KO mice fed with the HFD (Figure 3) . Both WT and KO mice had an increase in the serum levels of the liver damage marker aspartate transaminase when subjected to the HFD (Figure 2(b) ). PMA did not alter the weight of the liver or the ectopic accumulation of fat in the liver and did not seem to modulate hepatic steatosis, but this monounsaturated fatty acid almost completely restored the levels of aspartate transaminase in the serum of WT mice, indicating that there may be some protective effect of PMA on liver injury (Figures 2 and 3) .
The activity of several Krebs cycle enzymes (citrate synthase (Figure 4(a) ), succinate dehydrogenase (Figure 4(b) ), and malate dehydrogenase (Figure 4(c)) ) and the activity of the electron transport chain complexes I and III (Figures 4(d) and 4(e)) were assessed. Surprisingly, of all these enzymes and complexes, the HFD only promoted a difference in the activity of malate dehydrogenase, and the effects of the HFD on the malate dehydrogenase activity of KO mice were even greater. In spite of this, supplementation with palmitoleic acid only decreased the activity of malate dehydrogenase in WT mice (Figure 4(c)) . Surprisingly, the hepatic steatosis induced by the HFD was associated with liver inflammation in the KO mice but not in WT mice, as indicated by increased hepatic levels of IL-1 ( Figure 5(a) ), IL-12 ( Figure 5(b) ) and a trend toward higher levels of IL-8 ( Figure 5(c) ) and TNF-( Figure 5(d) ) in the livers of KO mice when compared to WT mice subjected to the SD. Furthermore, in KO mice, palmitoleate reduced the hepatic levels of IL1-and IL-12 and caused a trend toward reduced levels of IL-8 and TNF-in liver ( Figure 5 ). Although the HFD decreased the mRNA expression of ACC and IL-1Ra in WT mice (Figures 6(a) and 6(c) ), the HFD upregulated the expression of TLR4 both in WT and KO mice (Figure 6(b) ). In addition, the expression of TNF was not modulated by the HFD but was increased only by the knockout of PPAR (Figure 6(d) ). Palmitoleate did not affect the expression of ACC mRNA (Figure 6(a) ), but it tended to reduce the hepatic expression of TLR-4 and TNF (Figures 6(b) and 6(d) ), reversed the decrease in IL-1Ra mRNA expression in WT, and dramatically increased IL-1Ra mRNA expression in KO mice (Figure 6(c) ).
Along with increasing TLR4 mRNA levels, TLR4 protein levels and the phosphorylation of NF B (p65) in serine were increased in KO mice that were fed with the HFD (Figure 7) ; treatment with palmitoleic acid decreased both of these inflammatory mediators, reducing the levels of TLR4 and the phosphorylation of NFΚB (p65) (Figure 7) . 
Discussion
In this study, we investigated the hypothesis that the nuclear receptor PPAR may be involved in the beneficial activities of palmitoleic acid in attenuating the development of HFDinduced hepatic steatosis and inflammation and disruptions of glucose homeostasis. In contrast to this hypothesis, our main findings indicated that palmitoleic acid exerts its beneficial effects on hepatic inflammation and damage and improves insulin sensitivity through mechanisms that do not require PPAR . The activation of PPAR seems to be a promising target in the treatment of NAFLD because PPAR is also a key regulator of the genes involved in fatty acid oxidation [33] [34] [35] [36] and anti-inflammatory effects [37, 38] . Indeed, it has been previously shown that the lack of PPAR may cause an important hepatic steatosis and liver inflammation [34, 39] . In our study, we observed that the PPAR KO mice had exacerbated hepatic steatosis and liver inflammation after 12 weeks of exposure to a HFD. Consistent with this, Su et al. (2014) showed that defects in PPAR signaling induced mitochondrial and stress oxidative in mice fed with a highfructose diet [40] .
The effects of palmitoleic acid on NAFLD are controversial; while Guo et al. [12] showed that palmitoleic acid increased the deposition of fatty acids in the liver, Yang et al. [13] observed that it improved steatosis, reducing the ectopic deposition of triacylglycerols. In this work, we observed no effect of palmitoleic acid on steatosis or the ectopic deposition of triacylglycerols in liver caused by the HFD in both groups of mice, especially the KO mice, which had more pronounced NAFLD. The different effects of palmitoleic acid on NAFLD in these studies may be explained by the treatment times, dosages of PMA, and models used for the induction of steatosis.
We also observed other effects of palmitoleic acid, which is an important signaling molecule that is mainly produced by white adipose tissue and has been described as an insulinsensitizing hormone that is capable of modulating several metabolic processes, such as glucose disposal and insulin sensitivity in skeletal muscle and lipids deposition in liver [11, 41] . Similarly, our findings indicate that palmitoleic acid increases the uptake of glucose in isolated muscles under stimulated conditions and improves the peripheral response to insulin in mice that are fed a HFD by mechanisms that are not regulated by PPAR .
Lipogenesis in hepatocytes is under the control of a series of critical genes, such as sterol regulatory element binding protein-1 (SREBP1), fatty acid synthase (FAS), acetylCoA carboxylase enzymes (ACC), and stearoyl coenzyme A desaturase 1 (SCD-1). Of these, FAS and ACC seem to be particularly rate-limiting enzymes that are responsible for de novo lipogenesis, which may be increased in NAFLD [42, 43] . Concordantly, we observed that PPAR -KO mice had increases in the expression of ACC mRNA with consequently exacerbated ectopic deposition of fat in the liver, whereas WT mice had lower expression of ACC, which indicated a balancing regulatory mechanism in these animals, most likely via the activation of PPAR ; this may explain why WT mice showed lower NAFLD and inflammation in response to the HFD. Combined with this increase in ACC, the hepatic levels of proinflammatory cytokines were increased in KO mice that were fed with the HFD.
The HFD increased the activity of malate dehydrogenase (MDH) in WT mice and promoted an even greater increase in the KO mice. A higher activity of this enzyme, which catalyzes the conversion of malate to oxaloacetate and the reverse reaction, could lead to an increase of malate levels in the mitochondria. Malate can be transported to the cytosol and converted by MDH to oxaloacetate, a precursor in the gluconeogenesis pathway [44, 45] . However, in addition to this increase in MDH activity, our group observed that PPAR KO mice subjected to a HFD had lower gluconeogenesis in pyruvate tolerance test (data not shown), indicating that this excess of Krebs cycle intermediates may be converted to other pathways, such as de novo lipogenesis, as indicated by the higher expression levels of ACC and by the more severe steatosis observed in the KO mice. Palmitoleic acid did not modulate the activity of the Krebs cycle enzymes or the electron chain transporter. Although palmitoleic acid did not improve hepatic steatosis, this -7 fatty acid reduced the serum aspartate transaminase levels in both WT and PPAR -knockout mice, which indicates that the observed reduction in liver damage is independent of PPAR . Previous studies have reported that higher levels of AST indicate a greater degree of inflammation in the liver [46] ; we observed an increase in the hepatic levels of proinflammatory cytokines in PPAR -knockout mice fed with the HFD, corroborating several studies [11, 14, 35, 39] . Surprisingly, palmitoleic acid diminishes the hepatic inflammation of these knockout mice, decreasing the levels of IL1-and IL-12 in the liver, indicating once again that the beneficial effect of palmitoleic acid on the liver occurs by PPAR -independent mechanisms.
It has been reported that saturated fatty acids such palmitic acid (C16:0) could increase inflammation through TLR4 activation [47] . Indeed, some authors have shown that HFD supplementation also increased the expression of TLR4, suggesting that this receptor played a main role in the development of NAFLD [48, 49] . In the present study, we observed that HFD increased the expression of TLR4 mRNA in both WT and KO mice and increased TLR4 protein levels in the livers of KO mice, but palmitoleic acid reduced the hepatic mRNA and protein levels of TLR4, suggesting that this monounsaturated fatty acid has a strong anti-inflammatory effect.
The activation of PPAR has been described as an inhibitory mechanism for NF B activation, consequently reducing the expression of proinflammatory genes and the production of proinflammatory cytokines, such TNF-and IL-12 [50] . Consistent with this, we observed that the expression of TNF-was increased in KO mice even when subjected to an SD. However because palmitoleic acid was capable of decreasing the serine phosphorylation of NF B p65, which was increased by the HFD only in PPAR KO mice, we propose that the anti-inflammatory effect of palmitoleic acid involves other mechanisms for the inhibition of NF B than the activation of PPAR . Indeed, the HFD decreased the expression of IL-1Ra in both genotypes, while palmitoleic acid increased the expression of IL-1Ra in both WT and KO mice. However, the expression of IL-1Ra was increased to a greater extent in KO mice that were subjected to the HFD and treated with palmitoleic acid. Other studies have shown that AMPK activation can elevate IL-1Ra levels independently of PPAR activation [51] .
Therefore, we conclude that supplementation with palmitoleic acid but not with oleic acid can attenuate insulin resistance, liver damage, and inflammation induced by a HFD via mechanisms that do not depend on PPAR .
